they set the stage for a multidecade effort to utilize a variety of biologics to target autoimmunity for the purpose of stemming the tide of b-cell destruction.
Clinical trials seeking to meet the goal of type 1 diabetes prevention (Table 1) (recently reviewed in refs. [6] [7] [8] [9] in the case of autoantibody-positive subjects with type 1 diabetes or C-peptide preservation in recent-onset subjects (Table 2) (recently reviewed in ref. 10 ) have been quite variable in terms of their "success." While some trials have demonstrated the ability to either delay progression to type 1 diabetes or preserve C-peptide production in individuals with recent-onset type 1 diabetes, the vast majority of such efforts has either failed to meet the predetermined end points, or even when demonstrating early success (i.e., meeting goals of C-peptide production at 12 months for subjects with type 1 diabetes), loss in C-peptide production eventually occurs for most. Mechanistic studies affiliated with these efforts have, to a large extent, failed to identify specific mechanisms associated with therapeutic failure or success. The failures in achieving therapeutic success in humans stand in stark contrast to the results of studies in the NOD mouse, where methods capable of preventing type 1 diabetes and/or reversing overt hyperglycemia abound (11) (12) (13) . We would suggest that many of the failures of human studies have been the by-product of having a poor understanding of the complexity of the disorder's pathogenesisdtoo many factors have historically been underappreciated, misunderstood, or unknown in considerations of the pathogenesis of type 1 diabetes (Table 3) .
EMERGING VIEWS ON THE ROLE FOR IMMUNE RESPONSES IN TYPE 1 DIABETES
Perhaps no segment of the historical model for type 1 diabetes pathogenesis has been as rigorously investigated as that of the immune response of persons with or at various levels of risk for the disease. While such studies have yielded success stories with practical outcomes (e.g., autoantibody staging for disease risk, biomarker development, identification of subjects for disease prevention trials), they all suffer from a variety of limitations. By their nature, nearly all studies of human immune responses involve analysis of peripheral blood rather than at the site of b-cell destruction. In addition, while the potential importance of the so-called effector and regulatory components in type 1 diabetes pathogenesis have been extensively studied, only recently have serious considerations been given to the effects of aging, diet, immune cell metabolism, microbial pathogens, microbiomes, and epigenetic changes on the immune response affording this disease (Table 3) (14) (15) (16) (17) (18) . These factors, individually and in combination, clearly influence immune responses in general and, thus, must be associated by default with the pathogenesis of type 1 diabetes.
As a number of type 1 diabetes reviews have recently been published highlighting features of the immune response in peripheral blood (4, 19, 20) , this Perspective will focus on studies of human pancreas and other tissues obtained from organ donors with or at risk for type 1 diabetes that have largely, but not exclusively, been made possible through the efforts of the Belgian Beta Cell Bank and the JDRF Network for Pancreatic Organ Donors with Diabetes (nPOD) program (21, 22) .
Immunological Characteristics of the Pancreas in Type 1 DiabetesdEvidence for Disease Subtypes
Recent studies of human pancreata have added support to the growing (T1 DM) . ◆ Defined as authorreported interpretation. 8Official study name could not be determined. *Effect lost on withdrawal of treatment. **No synergistic benefit with combination. §Differential outcomes depending on dose. #Differential effects depending on age-group. UReported partial preservation of b-cell function. †Differential effects depending on baseline C-reactive protein concentrations. older at onset and were associated with lower levels of CD45 + cells and CD8 + T cells, as well as more insulin-positive islets. These same studies also noted that islet CD8 + T cells expressed T-cell receptors that bound MHC class I tetramers loaded with the b-cell autoantigen IGRP and other target peptides in patients with recent-onset type 1 diabetes (24) . These studies are also in agreement with recent findings that the T cells invading pancreatic islets are, in fact, directed at b-cell antigens (25) .
It is also noteworthy that pancreata from patients in each age-group greater than 1 year from diabetes onset have similarly low levels of insulitis (3-4%) and equivalent maintenance of insulin-positive islets (13%). Therefore, it appears that the process of insulitis formation in the two age-groups may have equalized and lessened over time, avoiding complete b-cell annihilation. As discussed below, recent studies indicate that some b-cells survive in type 1 diabetes for many decades (24, 26) . Thus, key questions become: What type of inflammation is present in these disease subtypes at various stages at what stages and can these be pushed toward the resolution phase that may be part and parcel of the inflammatory process?
Inflammation Is Also Present in Pancreatic Exocrine Tissue
Recent studies emanating from nPOD demonstrate chronic inflammation, including enhanced CD8 + T-cell infiltration (and, to a lesser degree, CD4 + and CD11c + cells) in the exocrine pancreas in subjects with type 1 diabetes (27) . Other studies report a similar propensity for neutrophil invasion of the pancreas (with decreased peripheral neutrophil counts) in type 1 diabetes (28) . The propensity of this organ for inflammation/pancreatitis induced by multiple factors (e.g., hypertriglyceridemia, virus infection, drugs) could be a result of a susceptibility gene that affects tissue-based inflammation or other facets that have, in the past, been considered "leakiness" (29, 30) . Importantly, the inflammatory process in the pancreas appears to be subclinical, as most new-onset patients do not present with symptoms of pancreatic inflammation. (27, 31) .
Recently, we and others have noted expression of multiple type 1 IFN signature proteins, including MDA5, in association with CVB capsid protein, VP1, in type 1 diabetes pancreata (32, 33) . The islets in new-onset organ donors (Fig. 1B) and in autoantibody-positive donors (data not shown) demonstrate infiltrate; however, it is substantially less than that seen in the NOD mouse (Fig. 1A) . In addition, immune cells tend to invade the NOD islet but manifest largely as periinsulitis in humans (Fig. 1A and B) . In both NOD (data not shown) and the islets from humans with new-onset disease, there is evidence for type 1 IFN activity as MDA5 and other IFN-signature proteins are expressed (Fig. 1C) . However, in pancreata from patients with diabetes, for several years there are many insulin-positive cells, MDA5-positive islet cells, and VP1 capsid protein all expressed in the absence of CD45 + cell infiltration (Fig. 1C and M. C.-S., unpublished data). These data suggest a chronic, persistent, low-level viral infection may perpetuate a form of islet inflammation long-term that is tissue based. As to potential underlying mechanisms for such observations, CVB RNA may undergo 59 terminal deletions in vivo, leading to a replication-deficient virus, affording a potential explanation for viral persistence and lack of immune activation resulting in viral clearance (34 
EMERGING VIEWS ON THE ROLE FOR b-CELLS IN TYPE 1 DIABETES
Over the past decade, knowledge regarding human pancreatic islets and b-cells has increased dramatically. Amplified by studies on human pancreatic islets from the National Institutes of Health (NIH) Integrated Islet Distribution Program (IIDP) and nPOD, a greater understanding of human islet gene expression, function, proliferation, and regeneration has emerged. A consensus has materialized that human pancreatic islets have fundamental differences Figure 1 -Emerging features regarding pancreatic islets in type 1 diabetes. Recent descriptions of insulitis (23,25,51,55) have placed an emphasis on the quantitative differences in this lesion when comparing human pancreatic samples to those observed in the NOD mouse model of disease. For example, the intensity and pattern of lymphocytic infiltration in NOD mice at or immediately prior to disease onset (A; 14-week-old new-onset case) is quite pronounced relative to that of human type 1 diabetes (B; 13-year-old with type 1 diabetes ,1 year, nPOD 6228). C: Consistent with a notion ascribing a role for viral infections with type 1 diabetes, an nPOD organ donor from a patient with disease onset at 10.2 years of age and a 4-year duration was examined. An islet from this donor expressed abundant insulin (blue), CVB capsid protein VP1 (green), and MDA5 (red) in islet cells. b-Cells expressing both MDA5 and insulin are purple. This islet was also negative for CD45 staining, demonstrating a lack of insulitis (representative image = 403).
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with the more widely studied rodent islet, including dissimilarities in islet cell composition, basal insulin secretion, susceptibility to toxins such as streptozotocin, amyloid formation, and cell proliferation (39) (40) (41) (42) . In response to the increased metabolic demands of insulin resistance and obesity, rodent b-cells increase insulin biosynthesis and cellular proliferation, leading to a marked increase in b-cell mass. In contrast, pancreatic samples from obese humans show only a minimal or modest expansion in b-or islet-cell mass (43) . These differences between rodent and human islets do not invalidate rodent models of islet biology but require increased attention and integration of findings in rodents to human islets and the human pancreas.
b-Cell Mass Is Not Equal in All Individuals
Historical models of type 1 diabetes have assumed a normal b-cell mass at birth that declines once the autoimmune attack occurs. However, recent studies of cadaveric pancreata have shown that b-cell mass in normal humans without diabetes varies three-to fivefold, independent of adult age or BMI, with b-cell mass likely mostly determined in the first two decades of life (43) (44) (45) . This has important implications when one considers the starting point for declining b-cell mass during autoimmune b-cell destruction. Thus, an individual's timeline to diabetes onset could be determined not by the severity of the autoimmune attack but the starting point for b-cell mass (Fig. 2) . The reasons for this variation in b-cell mass are unknown but could include the in utero environment, events during the first decade of life, and yet unknown genetic or environmental determinants. Further emphasizing the need to understand the timeline and determinants of human b-cell mass is the recent observation of a smaller pancreatic mass in individuals with newonset type 1 diabetes or with islet-cell autoantibodies (46, 47) . This observation raises the possibility that determinants of both pancreatic mass and b-cell mass might be impacted, as endocrine islet cells and exocrine cells share a common embryologic heritage.
Are All b-Cells Equally Susceptible to Destruction in Type 1 Diabetes?
It has also been assumed that all human b-cells are equally susceptible to autoimmune attack and that differences in the timeline of type 1 diabetes pathogenesis relate to immune differences. In reality, variations in b-cell susceptibility to cytokines or immune cell attack could be an important determinant of when an individual develops clinical diabetes (Fig. 2) . While certain immunomodulatory approaches appear to improve C-peptide production (6), improved b-cell function is not synonymous with prevention of b-cell loss or recovery of b-cell mass. An ongoing debate surrounding type 2 diabetes is whether loss of b-cell function or reduction in mass is the reason for inadequate insulin secretion, but most agree that both pathogenic processes are important. In addition, metabolic derangements clearly impact key islet-enriched transcription factors or may promote loss of b-cell identity (48, 49) . Therefore, potential parallels with b-cell dysfunction and/or loss in type 1 diabetes seem clear. A challenge is that there are no markers (other than insulin secretion) or noninvasive imaging modalities that reflect b-cell mass in humans. As insulin secretion (basal or stimulated as part of the intravenous glucose tolerance test, oral glucose tolerance test, or mixed-meal tolerance test) can be affected by chronic elevations in the blood glucose and secretory capacity has not been shown to truly correlate closely with b-cell mass over time, improvements in how to assess b-cell mass in humans are needed. One of the longer-standing dogmas in type 1 diabetes is that eventually all b-cells are lost in long-standing disease, but the emerging reality is quite different. Many individuals with type 1 diabetes produce small amounts of C-peptide, and studies of the pancreata from individuals with type 1 diabetes show the presence of insulin-positive cells, sometimes within glucagon-rich islets or as single insulin-positive cells scattered throughout the pancreatic exocrine tissue (24, 26, 50) . Interestingly, C-peptide levels were higher in patients .18 years of age at onset and with shorter duration of diabetes (26) . These findings raise the question of why some b-cells escape the autoimmune attack or are somehow resistant to it. Are the surviving b-cells somehow "different"? Alternatively, new b-cells may be constantly being regenerated and subsequently destroyed by the ongoing autoimmune process. Now that the transcriptional profile and molecular signatures of normal human b-cells are being defined, it should be possible to determine whether these residual insulin-positive cells are "normal" b-cells. Finally, b-cell mass is markedly inadequate, but does not become "zero" in many individuals with type 1 diabetes as shown by the horizontal dashed lines. While these lines are drawn as smooth, it is likely that the decline in b-cell mass or function is intermittent and possibly episodic. Recent discoveries also highlight the presence of viral particles in the type 1 pancreas, the variable insulitis, the role of B and T lymphocytes, and the presence of inflammatory cells in the exocrine pancreas. These processes are shown as occurring after an unknown "trigger event," but this is speculative.
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Inducing Human b-Cells to Proliferate
Intense efforts to induce human b-cell proliferation are under way and our improved understanding of human b-cell biology is providing clues regarding signaling pathways and cell cycle determinants important for human b-cell proliferation (42) (43) (44) . As recently summarized, we currently lack an approach to induce sustained human b-cell proliferation with an acceptable safety profile (42) . A clear challenge is the need to induce only b-cell proliferation as many of the current approaches and growth factors being tested target pathways present in many cell types. The ability to specifically target b-cells in vivo with either a proliferative signal or a protective intervention is needed. Moreover, successful strategies in prevention of type 1 diabetes and/or in preservation of b-cell function may require interventions targeting immune pathways in combination with approaches that promote b-cell proliferation (Fig. 3) . At odds with studies of NOD mice (Fig. 1A) , it has been difficult to document insulitis in many type 1 diabetes cases during the prediabetic phase (Fig. 1B) , when individuals already have clear signs of autoimmunity (51) . This observation implies that attacks on b-cells likely occur in a relapsing-remitting fashion (52) . As currently available biomarkers fail to indicate precisely when periods of attack occur, such periods could be missed with shortterm therapies. Therefore, future trials should consider longer-term treatment periods or utilization of agents whose effects would be lasting (e.g., tolerance inducting). However, agents used for long-term treatment must also avoid adverse side effects in order to gain widespread acceptance. It has also recently become apparent that b-cell mass does not decrease in a linear fashion (T. Rodriguez-Calvo, K. Herold, M.A.A., and M.v.H., unpublished data). Indeed, substantial b-cell mass might still be present until just prior to the time when oral glucose tolerance testing becomes abnormal. This latter observation is potentially encouraging in that more b-cells may be present than once thought prior to diagnosis. As a result, efforts to preserve b-cell mass and metabolic capacity in settings of secondary disease prevention might have more potential for success than previously assumed.
Questions also abound regarding the degree of b-cell function (or lack thereof) following diagnosis of the disease. It was previously thought that approximately 90% of b-cell mass and function are irrevocably lost by the time type 1 diabetes is diagnosed. However, we now know that strong immune suppression can result in a rather rapid recovery of b-cell function (53) . Factors that contribute to reduced b-cell function at the time of diagnosis include inflammatory stress, excessive demand for insulin, and endoplasmic reticulum stressddeleterious processes that are at least in part reversible. Furthermore, as noted previously, many adults with type 1 diabetes of extended duration still retain a degree of C-peptide production (54) . This realization points toward the possibility that maintenance of remaining b-cell function in adults, even many years postdiagnosis, may provide clinical benefit. The most prominent cell found in human islets in the setting of type 1 diabetes is the CD8 + cytotoxic T cell, which is also a likely candidate to aid in b-cell killing due to its ability to recognize targets via antigen in the context of MHC class I, which is elevated in many islets in those with the disease (55) . Therapeutically, lymphocytes and memory lymphocytes of the adaptive immune response can be targeted by anti-T-cell drugs, such as anti-CD3, anti-CD2 (LFA3Ig), and certain costimulatory blockers (56, 57) . Indeed, partial success of such compounds in recently diagnosed type 1 diabetes, defined by preservation of b-cell function (i.e., C-peptide production) over several months to years, speaks toward an important role for such autoreactive lymphocytes in b-cell destruction, at least late during the pathogenesis of type 1 diabetes.
Are b-cell antigen-specific CD8 + T cells the only factor? Certainly not, as it has become clear that general lowgrade inflammation can be observed in the exocrine pancreas and inflammatory cytokines known to harm islets are also thought to be elevated during type 1 diabetes pathogenesis. Thus, anti-inflammatory therapies targeting cytokines may hold promise, and a recent trial blocking tumor necrosis factor has shown initial promise in preserving b-cells (58). These observations provide further support for the concept of combination therapies. Examples of such combinations would include an induction component using drugs targeting One additional important question involves how the b-cell appears on the radar screen of the immune system in the first place. Is autoimmunity the primary cause, or might it be that metabolic derailment exerts stress on b-cells and in this way makes them visible to the immune system? In reality, this might at least be a contributing factor to the pathogenesis of type 1 diabetes and type 2 diabetes, as metabolic markers can precede the diagnosis of the former by several years. Considering this, priority should be given to the addition of drugs to combination therapies that stabilize and maintain b-cells and b-cell function (Fig. 3) .
CONCLUSIONS AND FUTURE DIRECTIONS
Within a few years, those involved in the care of persons with type 1 diabetes as well as researchers seeking to make impactful discoveries for those living with the disease will celebrate the centennial anniversary of the discovery of therapeutic insulin. Thankfully, the era since that monumental event has seen a multitude of improvements in diabetes care (59). At the same time, significant research efforts have been directed at finding the underlying cause(s) of type 1 diabetes, in large part guided by the notion of developing a means to prevent as well as provide a true "cure" for the disease. While progress has clearly been made toward understanding the initiating and sustaining events in the pathogenesis of type 1 diabetes (Fig. 2) , much more investigation and discovery are needed. We believe that future attempts to prevent and/or reverse type 1 diabetes are most likely to be successful if they incorporate the recent advances in our evolving understanding of pathogenesis of the disease.
